mendelian randomization to be even more informative, despite some limitations outlined in this review.
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A number of failures in the field of epidemiology have arisen over the last few decades. The blame for these unfortunate events can be laid largely at the feet of widely disseminated reports of associations (1-3 ) that could not subsequently be replicated by independent investigative teams. Starting out with strong and reasonable biological hypotheses has turned out not to protect sufficiently against the possibility of reporting spurious associations (4 ) , in which apparently wellcontrolled study designs have clearly failed to deliver the correct conclusions. The most common culprits for such outcomes include the ascertainment of only a limited subset of the potential influencing factors ("confounders") during a study and cumulative measurement error during the assessment of environmental factors (5, 6 ) .
A shortcoming regularly arising from observational epidemiologic studies is the reporting of an apparent causal association that cannot be seen in subsequent large, well-designed randomized controlled trials (RCTs). 4 Dramatically affecting such studies is confounding, in which a particular factor that is not causal but only correlated with a number of environmental factors that influence the probability of developing a particular disease. Such a noncausal factor ends up being incorrectly implicated directly in the pathogenesis of the disease through its relatively indirect relationship with the trait. Another source for an incorrect outcome is the phenomenon of "reverse causation," in which the disease subsequently influences the environmental exposure, leading to it being wrongly implicated in the disease's pathogenesis.
A good example of an observational epidemiologic study throwing up a noncausal link is the connection between homocysteine concentrations and the presentation of cardiovascular disease (7, 8 ) . Although a great source of excitement at the time, this report did not hold up ultimately in subsequent RCTs because of the adverse effects of both confounding factors and reverse causation. Homocysteine concentrations are confounded by an array of environmental factors, including smoking and socioeconomic status, and are attributable to a reverse-causality effect in which the presence of cardiovascular disease actually leads to increased homocysteine concentrations (9 ) .
In general, observed relationships between environmental exposures and diseases that are not confirmed in RCTs can be explained by socioeconomic status, behavioral factors, and the degree of access to healthcare. Attempts have been made, however, to achieve more accurate conclusions from such observational studies, including improved control of anticipated phenotype-specific confounders (which generally are limited to a well-established set), more measurements on a smaller number of study participants (6 ) , and more-extensive replication attempts to make the data interpretations more robust.
One major problem remains, however: RCTs do not always test the same exposures as observational studies. For example, trials may compare differences in exposure in the short term, whereas lifelong exposure differences may be far more relevant to the trait in question. In addition, consistent confounding and reverse-causation effects across multiple studies can produce strong but bogus replicable associations. Another cause for concern is that exposures are rarely ascertained repeatedly so that exposures that show considerable within-person variation can be properly characterized. Such practices can increase the apparent random measurement error. The strength of associations between truly causal risk factors and disease in observational studies is thereby underestimated, owing to this random measurement variation in characterizing the exposure. This leads to an "attenuation by errors" of associations, which has been renamed more recently as "regression dilution bias" (10 ) .
Given the practices we have outlined above, finding interventions that reduce disease risk in various populations can be delayed substantially when observational epidemiology gets it wrong. Indeed, the scientific credibility of this once-revered discipline has been heavily undermined as a consequence.
Genetic Epidemiology
Genetic epidemiology is seen as the great hope for a healthy future for the field of epidemiology as the limitations of observational epidemiology become increasingly apparent. To ultimately unravel the molecular mechanisms underlying a given phenotype, genetic epidemiology focuses on the inheritance of disease and susceptibility at the individual level.
A growing consensus that the interplay between genetic and environmental factors (i.e., gene-environment interaction) is extremely important in understanding the onset and progression of disease has justified the combining of the genetic and environmental epidemiologic approaches to elucidate causes of human disorders. This discipline also has the potential to uncover environmental factors underlying common diseases that can be modified to improve public health in a much greater way than classic genetics ever did.
Genetic epidemiology, however, also has faced a barrage of criticism over the last 30 years, because of both a lack of consensus and the lack of replication of the vast majority of reported associations between genes and common diseases (7 ) . One could go further and say that if a member of the public read in a newspaper before 2005 that a gene had been associated with a predisposition to a particular common disease, there was a 99% chance that the association was spurious. This state of affairs is attributable to the fact that the only data available at the time were candidate-gene studies and familial linkage-analysis studies. Such methodologies achieved only very limited success in identifying genetic determinants of human disease for a number of reasons, including the generic problem that the linkage-analysis approach is generally poor at identifying common genetic variants that have modest effects and the fact that the candidate gene-association approach relies on a suspected disease-causing gene(s), the identity of which derives from a particular biological hypothesis based on the pathogenesis of the given disease. Thus, given that the pathophysiological mechanisms underlying a disease are unknown, continued use of the hypothesis-driven candidate gene-association approach is likely to identify only a relatively small fraction of the genetic risk factors for the disease.
Genomewide genotyping of Ͼ500 000 singlenucleotide polymorphisms (SNPs) can now be readily achieved in an efficient and highly accurate manner. Given that much of human diversity is due to variations in single base pairs distributed throughout the genome, current advances in single base-extension biochemistry and SNP detection via hybridization to synthetic oligonucleotides now permit accurate genotyping on a large scale. This crucial development has made possible the application of large-scale genomewide association studies (GWAS) in the past 4 years, with the development of array-based technology having enabled non-hypothesis-driven investigations of the genome. With this approach, investigators have identified Ͼ400 genetic variants that are associated with complex diseases in ophthalmology, endocrinology, cardiology, oncology, immunology, and neurology. A complete catalog of these studies is available at the NIH Web site (http://www.genome.gov/gwastudies).
For the first time in the era of the genetics of common diseases, there is clear a consensus on key signals associated with key phenotypes. Time will tell whether all of these strong associations are fundamental to the biology of the underlying traits, but it is strongly believed that these studies will help define the key molecular pathways influencing common diseases. Functional investigations of the in vitro and in vivo biology of the genes identified in such studies will undoubtedly be fascinating areas of exploration for many scientists. Ultimately, the goal is to translate these findings into more efficacious therapeutic interventions.
In addition to these new hopes for better drugs for society's common health problems, genetic findings with firm scientific support are strongly believed to be useful in genetic epidemiology for assessing more thoroughly and accurately the environmental determinants of disease (such as diet, environmental factors, and behavior) across entire populations rather than only within genetically susceptible subpopulations (11) (12) (13) . The epidemiologic approach with the most promise in this regard is mendelian randomization (14 -16 ) , which is an instrumental variable approach to control for unobserved confounding factors in an observational setting. This approach optimally needs large sample sizes, a requirement that has often been a constraint, but it has become feasible in the GWAS era, with multiple investigative teams collaborating to combine their data sets for metaanalyses, and is now delivering substantial replicable findings (17 ) .
Mendelian Randomization
Traditional genetic epidemiology addresses the genetic basis of a given phenotype through the study of the association between genetic and phenotypic variation in a predefined cohort. The markers most often used for such studies are SNPs. Informative markers are defined as those that are sufficiently variable in a population that has a phenotype sufficiently frequent to allow meaningful comparisons to be drawn. An additional approach can make use of the random assignment of genes to reduce the effect of confounders in exploring associations between environmental exposures and disease. This is the essence of mendelian randomization.
The term "mendelian randomization," however, was initially coined in a slightly different context, in which the random assorting of genetic variation at conception was used to generate a study design lacking confounders for the purpose of obtaining estimates of treatment influences in malignancies of childhood (18 ) . Because RCTs were not feasible, the investigators intended to obtain unbiased estimates of the magnitudes of bone marrow transplantation effects in acute myeloid leukemia. Their concept was that comparisons of survival among leukemic children according to whether they had genetically compatible siblings (i.e., a potential donor), regardless of whether transplantation actually occurred, were equivalent to an intentionto-treat analysis in RCTs.
The relatively modern meaning of mendelian randomization is based on Mendel's second law, the law of independent assortment, which assumes that the inheritance of 1 trait is independent of the inheritance of other traits. The concept of genetic variation indicating the action of exposures that are environmentally modifiable has now been used in multiple settings. An example of this concept is the autosomal dominant trait of lactase persistence, which was associated with milk consumption. The subsequent demonstration of an association between lactase persistence and bone-related traits provided evidence that drinking milk protected against osteoporotic fractures (19 -22 ) . This example is a clear case of testing mendelian randomization, which has the ability of avoiding the effects of confounding, reverse causation, reporting bias, and underestimation of risk associations caused by phenotypic and behavioral variation.
Mendelian randomization leverages genetic variation so that it acts as a proxy for an environmental factor. This approach circumvents the classic issues that have blighted epidemiology for decades, because the inheritance of genetic variation is independent of the inheritance of other traits; i.e., it is randomized. The concept is based on the notion that genetic variation reflects the biological effect of a modifiable environmental factor, which in turn affects disease risk. That is, the association with disease risk should be equivalent to the influence of the environmental factor under consideration. SNPs have been leveraged in such a manner, albeit they are not typically the functional culprit, but rather a good surrogate, or "tag," for the key variant (23) (24) (25) . Therefore, mendelian randomization has the potential to provide a window on the influences of modifiable environmental factors on disease that conventional observational epidemiology has classically failed to do.
Parent-offspring designs clearly demonstrate the fundamentals of mendelian randomization because they provide an opportunity to observe directly how phenotypes and genetic variation (alleles) are transmitted to children (26, 27 ) . Heterozygous parents are informative in that they allow investigators to count the number of times 1 of 2 alleles is transmitted to an offspring with a given phenotype. If no association exists between the genetic variant under study and the trait, then each allele has a 50% chance of being transmitted to the offspring; however, a deviation from this per-centage would represent an association of the genetic variant with the disease.
We are clearly well beyond the notion that a common disease is determined purely by either environmental or genetic factors, so it is no surprise that mendelian randomization has achieved some traction among epidemiologists. This approach allows one to study the influence of a genetic variant in the context of varying environmental exposure. Indeed, it may ultimately allow one to genetically identify individuals who should avoid prespecified environmental exposures. This approach should not be confused with the discipline of gene-environment interaction studies, however, which is currently popular in the post-GWAS era; rather, its focus is to compare genetic effects and environmental influences (28 ) .
If mendelian randomization can deliver on its promise to overcome the setbacks that have blighted conventional genetic epidemiology, it could play a vital role in answering key questions before decisions are made to commit large amounts of resources to an RCT or a drug-development program. Indeed, if independent SNPs at different genomic locations affect a given phenotype, it should be feasible to investigate the relationship of these SNP combinations to the trait, such that influencing the most extreme scenarios could dramatically affect disease outcomes.
Mendelian randomization is therefore a means to address the phenocopy (a phenotype similar to a genetic syndrome but due to an environmental exposure) and the genocopy (a genetic effect that could as readily be caused by an environmental exposure) in investigating an observed association. This approach, however, should not be interpreted as a hunt for the actual causative mechanism underpinning a given disease phenotype; rather, it simply leverages genetic variants as proxies to address environmental influences on common diseases.
With respect to genetic findings in the GWAS era, one of the first mendelian-randomization studies to leverage a discovered variant has been in the obesity arena. The genetic variant most robustly associated with obesity to date is at the fat mass and obesity associated (FTO) 5 locus (29 ), and work with the mendelian-randomization approach has now implicated a role for FTO in cancer (30 ) , although further work is still required to fully establish this association. In addition, a locus strongly associated with type 2 diabetes, CDK5 regulatory subunit associated protein 1-like 1 (CDKAL1), has clearly been shown to operate through birth weight (31, 32 ) .
Limitations of Mendelian Randomization
Although mendelian randomization offers much promise in furthering our understanding of the epidemiology of common diseases, it also has limitations. In many cases, the highly complex data generated in such studies are difficult to analyze, impeding their interpretation and, of most concern, increasing their vulnerability to speculation. It is crucial that these potential impediments be avoided during the design stage, because it is the promise of transparency that makes mendelian randomization attractive to the investigator.
Considering sample size in a mendelianrandomization study is crucial from the outset. Many studies have been rendered uninterpretable simply because of an insufficient sample size and therefore a lack of statistical power for drawing clear conclusions. It is becoming clear that very large sample sizes will be required to leverage usable information from investigations of variants in GWAS studies. Although such variants may be robustly associated with a given trait and be common in the population, the risks they confer on an individual are often very modest (relative risks commonly conferred are in the range of only 1.1-1.3). As described above, the use of mendelian randomization in these circumstances is feasible only in a metaanalysis setting, in which investigative groups collaborate to combine their data sets to achieve sample sizes sufficient for reliably interpreting results.
Another blight in this area of investigation is the nonreplication of findings. Although this possibility is less likely with variants uncovered in GWAS, incorrect conclusions can still be drawn. In addition, the vast majority of variants uncovered in GWAS are simply surrogate tag-SNPs rather than the actual functional variants. This fact could lead to looser correlations and possible misinterpretation.
Despite the best efforts by practitioners of mendelian randomization, confounding can still occur. The variants under investigation might not be independent and could be in linkage disequilibrium, possibly leading to spurious outcomes. In addition, behavioral confounders can still exert an effect if the genetic variant affects behavior directly or indirectly, such as with smoking (33, 34 ) .
There are more-complex complications based on deviations from mendelian principles, in which the allelic-transmission ratio from parent to offspring becomes distorted (35 ) . Such complications can be due to events during meiosis or to selective survival after conception. They can get even more complex if strong genetic variation influences fetal development and the consequent gestational responses. The latter effect is known as "canalization" or "developmental compensation," which involves the buffering of potential effects of either environmental or genetic-factor perturbations occurring during development. The most clear-cut example of developmental compensation is from the study of knock-out animals, in which a functional gene is effectively removed from the study organism. The anticipated consequence of such a removal would be strong phenotypic effects, which, in fact, are not always apparent because of a compensatory mechanism built into the biological system (36, 37 ) . For example, myoglobin is known to be crucial for heart function in mice, but the knock-out model animal experiences no disruption in cardiac function (38 ) .
Another problem related to the transmission of alleles from parent to child is epigenetic effects. For example, one of the parents may be vital to the functional effects of an allele because imprinting; however, as more knowledge in this discipline is gathered, it can be more accurately factored into any mendelianrandomization study design.
All of the limitations outlined above require further attention to optimize the sensitivity of mendelianrandomization approaches. This necessity could be a source of frustration, in that epidemiologists still have these important caveats to account for and it is currently unclear how to exactly implement them until these concerns are fully resolved.
In summary, mendelian randomization, as has been seen in many different genetic epidemiology studies, is susceptible to sample size limitations, lack of replication, and the use of genetic surrogates. In addition, confounders can include genetic variants in linkage disequilibrium, population stratification, and canalization during development; however, a correctly designed mendelian-randomization study that is carefully analyzed and interpreted can produce powerful evidence to support or refute causal hypotheses with respect to environmental influences on the pathogenesis of common diseases.
Conclusions
Outcomes from GWAS are giving new momentum to the portfolio of genetic variants that can be leveraged in mendelian-randomization studies. Until recently, such studies were extremely hampered by the lack of strongly established variants in common diseases and relevant effects with respect to environmental exposures. As the number of loci grows, investigators will become increasingly empowered to identify modifiable causes of common diseases in large population-based studies that are sufficiently powered and extremely well phenotyped.
What is becoming very evident in the GWAS era is a major need for standardization in the reporting of mendelian-randomization findings for distinguishing true signals from background noise. The Human Genome Epidemiology Network (HuGENet; http://www. cdc.gov/genomics/hugenet/default.htm) has been set up to assist in this aim and to aid in the ultimate goal of disease intervention (39, 40 ) . In this era of large-scale analyses, the GWAS approach is revealing new loci through multistage replication efforts involving multiple research centers. Going back to the component cohorts and digging deeper with respect to mendelian randomization have great utility after establishing that a particular variant plays a role in a given trait.
The mission of mendelian randomization, however, is to help inform public health programs going forward through causality testing rather than implicitly outlining specific genetic-screening methodologies. This feature therefore sets mendelian randomization apart from the more conventional goals of genetic epidemiology as a whole. Therefore, combining the use of mendelian randomization with the new knowledge being gleaned from the GWAS revolution may well enlighten us to environmental factors that are modifiable in the context of human health.
